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An Aptina™ Technology White Paper

To conform to early TV system architectures and other
mediums that transmitted data serially, the earliest
image sensing technology utilized an electronic shutter
mechanism known as a rolling shutter. With this long
history, the rolling shutter and its associated column-
parallel readout architectures, in which pixels of the same
row are readout simultaneously, was also the natural
choice for performing shutter operations within CMOS
image sensors.

The global shutter pixel technology typically found on
charge-coupled device (CCD) image sensors can offer
significant benefits such as the elimination of rolling
shutter artifacts through simultaneous image capture of
the entire frame. However, the use of global shutter pixel
requires the addition of a pixel-level memory —one of the
barriers to widespread global shutter adoption.

As CMOS image sensors have grown in popularity and as
machine vision, movie production, industrial, automotive,
and scanning applications increasingly place high priority
on the ability to capture fastmoving objects with high
image quality, image sensor vendors have worked to solve
the technical challenges involved with the utilization of
global shutter pixel technology on CMOS image sensors
-- sensors that were instrumental in making advanced
machine vision, scanning, and the filming of movies like
Titanic, The Matrix and Avatar* possible. Further, with
significant CMOS processing technology advancements,
transistors can be made much smaller; this, together with
improved micro-lens technology, is better enabling image
sensor vendors to cost-effectively integrate the memory
required for a global shutter.

Today, CMOS image sensor providers are closing the
performance gap between rolling and global shutter
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alternatives by addressing several technical challenges

- fill factor/quantum efficiency (QE), global shutter
efficiency (GSE), and dark current. In overcoming these
challenges, CMOS image sensor vendors are delivering
global shutter pixel technology with smaller pixel size,
larger fill factor, higher GSE, lower dark current ,and lower
noise, better positioning CMOS image sensors to replace
CCD at an accelerating rate.

Rolling Shutter Overview

Also known as focal-plane shutter, a rolling shutter
utilizes two scans —reset and readout —to control the
exposure time. A shutter pulse that resets a row scans
the pixel array prior to readout scanning (Figure 1). The
interval between the shutter and the readout pulses
determines the exposure time. However, since exposure
times of different rows are shifted when a rolling shutter
sensor is used, still images of fast-moving objects become
distorted, rendering the rolling shutter unsuitable for
applications like barcode scanning, machine vision, or
automated inspection systems, which require the imaging
of rapidly moving objects.
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Figure 1. Typical Rolling Shutter Operation
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Often found on some film cameras as well as digital still and
video cameras using CMOS image sensors, a rolling shutter
does not record each frame at a single point in time, but
rather captures sequential strips of the image from a vertical
or horizontal scan across the frame. The advantage of a
rolling shutter method is that the image sensor can continue
to gather photons during the acquisition process, thus
increasing sensitivity. The disadvantages of rolling shutter

- predictable distortion of fast-moving objects or flashes of
light, or rolling shutter artifacts - are most noticeable when
imaging in extreme conditions of motion or light. The use

of rolling shutter technology can also result in other motion
artifacts, such as smear, skew, wobble, and partial exposure.

A shift from rolling to global shutter has been explored in
the past. At the time, CMOS image sensor vendors found
that adding an additional memory element would sacrifice
too much of the photodiode area, negatively impacting
quantum efficiency. Further, with existing semiconductor
processing technology, application requirements, market
demands, cost, and other considerations, it was not justified
to push ahead.

Global Shutter Overview

CCD image sensors, which require analog memory for their
operation, naturally lend themselves to operation with a
global shutter; as a result CCD cameras with global shutter
have become more prevalent. The global shutter pixel
technology typically found on CCD image sensors used in
video cameras eliminates the rolling shutter artifact through
simultaneous image capture of the entire frame (Figure 2).
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Figure 2. Typical Global Shutter Operation
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However, for CMOS image sensors, the implementation

of a global shutter has the primary disadvantage of
requiring the addition of a pixel-level memory, making

this an expensive alternative for some applications

(Figures 3 and 4). For cost-sensitive mobile applications,

in particular, the need for additional pixel-level memory
has historically made global shutter undesirable as these
applications do not place as high a priority on image quality
or the mitigation of rolling shutter artifacts as do other
applications, rather for cell phones cost is paramount.
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Other drawbacks associated with global shutters include
the reduction in pixel fill factor, which results in a decrease
in quantum efficiency. To compensate for this effect, a
global shutter pixel generally has a larger size than a rolling
shutter pixel, as shown in Figure 5.
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Figure 5. Trend in Rolling and Global Shutter Pixels (Source: [ISW, June 2009°
and Aptina Imaging Corp.)
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Another issue of concern is dark current at the memory
node. Dark current refers to the small current generated in

a pixel even when the pixel is in complete darkness. Typical
regions of dark current generation include depletion regions
of PN junctions and silicon surfaces. Dark current is one of
the main contributors to pixel noise and is more severe in a
global shutter pixel than in a rolling shutter pixel.
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Finally, it is important to note that, when implementing
global shutter in backside illumination (BSI), quantum
efficiency is higher than with its front side illumination (FSI)
counterpart as there is neither metal nor transistors in the
optical path. However, it is this lack of metal that leads to

a significant disadvantage for a BSI global shutter. With no
metal layer to protect the memory node from light, global
shutter efficiency (GSE) is typically degraded. A possible
solution is to deposit metal on the backside, but the problem
with this is that the resulting stack height is so high that
stray light would still be able to contaminate signals stored
there. This issue remains an open problem though the
industry is exploring it.

In the absence of an electronic global shutter, a mechanical
shutter can always be used. However, the addition of

a mechanical shutter not only increases system cost,

but it may be difficult to practically implement in some
applications, such as mobile products. Another alternative
approach would be to use digital correction of the rolling
shutter artifacts; however, this approach would increase
power consumption, cost, and may introduce reconstruction
artifacts.

CMOS Image Sensors with Global Shutter Technology

In 2000-2001, it became clear to CMOS image sensor
purveyors that global shutter technology could offer
significant advantages, but the implementation needed to
be carefully considered. The most popular approach that has
resulted is “memory-in-pixel,” in which each pixel, in addition
to a photodiode and readout circuitry, contains an extra
memory element to temporarily store photo-generated
charges.

In this scheme, every row of the sensor starts an exposure at
the same time. At the end of the exposure, photo-generated
charges are globally transferred from photo diodes to pixel-
level memories and then read out row-by-row via readout
scanning. Essentially, the additional pixel-level memory
allows photo-generated charge accumulation and readout
operation to be performed at each individual pixel, thus
eliminating the need for rolling shutter pulses. This approach
is similar to that of an Interline-Transfer CCD (IT-CCD) shown
in Figure 6, where a line buffer located next to each column
of the pixel array serves the same purpose as the in-pixel
memory. Since the exposure starts at the same instant for
every row, the rolling shutter artifact is not present in this
approach. Taking this one step further, by pipelining the
accumulation and readout operations, the next exposure
can start before finishing the current readout, enabling
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extremely high frame rates to be achieved”.
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Figure 6. IT-CCD

Fill Factor and Quantum Efficiency

The addition of a memory node in a global shutter pixel
causes its fill factor to always be smaller than that of

its rolling shutter counterpart. To mitigate reduction in
quantum efficiency, such a memory element should
occupy as small an area as possible. On the other hand,
its charge storage capacity has to be large enough to
hold all charge transferred from the photodiode. Ideally,
the storage capacity of the memory node should be
engineered to be the same as that of the photodiode so
that full well of the pixel is not limited by the memory
node. Additionally, microlenses should be optimized
such that the entire incident light will be collected by the
photodiode.

Global Shutter Efficiency

GSE, an important figure-of-merit for a global shutter
pixel, is a measure of how well signal charge can be stored
in the memory node without being contaminated by
parasitic light. GSE measures how well the memory node
protects stored signal from parasitic light contamination.
Various sources contribute to such a contamination. For
example, incident light can never be 100 percent focused
onto the photodiode in practice and some may fall onto
the memory node due to mechanisms like diffraction
and scattering. Figure 7 shows how photo leakage from a
bright light hitting the pixel memory during the storage
time can affect the stored signal, causing smear-like and
shading artifacts.
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Figure 7: Smear-like and Shading Artifacts due to Photo Leakage at the Memory
Nodes.

As shown in Figure 8, the memory node acts as a parasitic
photodiode that generates electron-hole pairs in response to
incident stray light, thus contaminating the signal originally
stored there. In addition, electrons generated deep inside
the silicon can diffuse into the memory node and act as a
second source of signal contamination. To maximize GSE, a
metal light shield covering the memory node needs to be
used. Additionally, the metal light shield should be as close to
the memory node as possible so that the node is protected
from stray light arriving at a wide angle. Doping and potential
profiles inside the silicon need to be carefully engineered so
that stray electrons generated inside the silicon are directed
to the photodiode instead of the memory node. Additionally,
lenses should be designed such that light is focused as much
as possible to the photodiode instead of to the memory
node.
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Figure 8: Cross Section of a Global Shutter Pixel Highlighting the GSE Issue.
Dark Current

With a rolling shutter pixel, charges are accumulated and
stored in a low-dark current, surface-pinned photodiode until
the pixel is read out. In contrast, a global shutter pixel has to
store accumulated charges in a memory node commonly
implemented in silicon. For example, in a 2003 study by
Krymski and Tu?, the floating diffusion of a pixel was used

as a memory node. Similar to a 3-T photodiode, there is a
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large leakage current associated with the surface even
though the pixel is in complete darkness. Additionally,
the fact that the floating diffusion needs to be a heavily
doped junction results in a large PN junction leakage
current which acts as another source of dark current.
This highly undesirable dark current contaminates the
signal stored in the memory node. To mitigate this, a
process should be developed to passivate or pin the
surface of the memory node.

Instead of using a floating diffusion as a memory
element, Aptina has utilized a surface-pinned storage
node in the pixel to address dark current challenges.
Available in its newest global shutter sensor, the
MTIMO031, the storage node also enables using a true
correlated double sampling technique to reduce readout
noise to four electrons, resulting in excellent low-light
performance. The combination of the effective use of
an anti-reflective metal light shield in close proximity
to the memory node and careful doping and potential-
profile design results in a high GSE. Charge storage
capacities of the photodiode and the memory node are
also balanced, and when taken together with the use
of a two-way shared pixel architecture, the impact of
the memory node on fill factor and QE is minimized.
The combination of all these engineering innovations

is a 3.75 micron global shutter pixel that enables high
performance without rolling-shutter artifacts.

Summary

Traditionally, global shutter pixel technology has been
primarily relegated to CCD image sensors. As CMOS
image sensors have grown in popularity and as machine
vision, movie production, industrial, automotive and
scanning applications must be able to capture fast-
moving objects with high image quality, image sensor
vendors, like Aptina, have worked to overcome the
hurdles traditionally associated with the utilization

of global shutter pixel technology on CMOS image
sensors. In doing so, these vendors can offer global
shutter pixel technology with smaller pixel size, larger fill
factor, higher GSE, lower dark current and lower noise,
making CMOS image sensors a viable alternative to CCD
sensors for more applications.
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About Aptina

Aptina is a global provider of CMOS imaging solutions
that enable Imaging Everywhere™. Using performance
enhancing technologies like Aptina A-Pix™, DR-Pix™ and
award winning MobileHDR™, Aptina has created a market-
leading portfolio of image sensor products including
industry-recognized products like the AR0331 surveillance
image sensor and the 16Mp APS-C DSLR sensor. Privately
held Aptina’s investors include Riverwood Capital, TPG
Capital and Micron Technology. For additional information
on Aptina and news on technology webcasts visit www.
aptina.com. Subscribe to the latest news from Aptina by
copying the Aptina RSS feed into your favorite RSS reader.
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